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Probing Stellar Reactions and Fundamental Symmetries with Indirect Methods at Low Energies
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Charged particle cross section measurements

at astrophysical energies

s ~picobarn Ý Low signal-to-noise ratio due to the Coulomb barrier between the interacting nuclei



C. Casella et al.: Nucl. Phys. A706 (2002) 203-216

d(p,g)3He

@ lowest energy: 

s~ 9 pbĄ 50 counts/day

R. Bonettiet al.: Phys. Rev. Lett. 82 (1999) 5205

3He(3He,2p)4He

only tworeactions studied directlyat the Gamow peak

@ lowest energy: 

s~ 20 fb Ą 1 count/month

LUNA ςPhase I: 50 kV accelerator (1992-2001)

investigate reactions in solar pp chain

To give you the feeling what low signal-to-noise ratio means



Χ intrinsic limitation at astrophysical energies   ĄĄĄĄ

S(E)s= S(E)b exp(phUe/E) 

Electron Screening

S(E) experimental enhancement due to the electron screening 
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In astrophysical plasma:

- the screening, due to free electrons in plasma, can be different 
 Ą we need S(E)b to evaluate reaction rates

Ą No way to measure S(E)b from direct experiments at energies where screening is important 

Sb(E)-factor extracted from extrapolationof higher energy data 



Entrance channel

A+a

Several reaction 
mechanisms link 

the two 
channels

Reaction products

C+cҌΧ

The reaction theory is needed to select only one reaction mechanism. However,nowadayspowerful techniquesand observablesfor
carefuldataanalysisandtheoreticalinvestigation.

Indirect Methods for Nuclear Astrophysics

Quitestraightforwardexperiment,no Coulombsuppression,no electronscreeningbutΧ

- to measure cross sections at never reached energies  (no Coulomb suppression), where the signal is below current detection sensitivity 

- to get independent information on Ue

- to overcome difficulties in producing the beam or the target (radioactive ions, neutrons..)



They share some common features: the astrophysically relevant two-body reaction at low energies is replaced by a high-energy reaction usually 
with a three-body final state. In all cases a virtual particle (photon ɹ  or nucleus x) is transferred between the two subsystems in the reaction. 

       CD                ANC       THM

Coulomb Dissociation (CD), Asymptotic Normalization Coefficient (ANC) and Trojan Horse Methods (THM) 

Indirect Methods for Nuclear Astrophysics
- to measure cross sections at never reached energies  (no Coulomb suppression), where the signal is below current detection sensitivity 

- to get independent information on Ue

- to overcome difficulties in producing the beam or the target (radioactive ions, neutrons..)

Quitestraightforwardexperiment,no Coulombsuppression,no electronscreeningbutΧ

Entrance channel

A+a

Several reaction 
mechanisms link 

the two 
channels

Reaction products

C+cҌΧ

Thereaction theory is neededto selectonly one reaction mechanism. However,nowadays
powerful techniquesandobservablesfor carefuldataanalysisandtheoreticalinvestigation.



Vonly x - A interaction

Vs= spectator (ps~0) 

EA > ECoul Ý 

Basic principle: relevant low-energy two-body s from quasi-free 
contribution of an appropriate three-body reaction in quasi free kinematics

A + a ­ b + B + s      ĄĄĄ A + x ­ b + B

a: x Äs clusters

NO Coulomb suppression

NO electron screening

x
s

Repulsion wall

x

A

THM

Quasi free mechanism 

See for review:
R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901
A. Tumino et al. Ann. Rev. Nucl. Part. Sci. 71 (2021) 346

Eq.f. = EAxς Bx-s  ± (intercluster motion) Eq.f. º 0   !!!

plays a key role in compensating  for the beam energy



PWIA hypotheses:
 beam energy  >  a = xÄsbreakupQ-value
 projectile wavelength k-1 << x ς s intercluster distance

MPWBA formalism 
(S. Typel and H. Wolter, Few-Body Syst. 29 (2000) 75)

- distortions introduced in the c+C channel, but plane  
waves for the three-body entrance/exit channel

- off-energy-shell effects corresponding to the 
suppression of the Coulomb barrier are included
 

Theoretical approaches to the THM

A + a ­ c + C + sĄĄĄ A + x ­ c + C

but  No absolute value of the cross section
A. Tumino et al., PRL 98, 252502 (2007)

kinematical factor 

momentum distribution of s inside a

Nuclear cross section for the A+x­C+c reaction



This accounts for:

- HOES effects
- Normalization (very 

useful for RIBS)

Moreover:
Possible generalization to 
CDCC & DWBA

However Ą More 
complicated!

R. Tribble et al., Rep. Prog. Phys. 77 (2014) 106901

Amplitude of the 
TH reaction 

Theoretical approaches to the THM

The THM simple factorization can be deduced from the general 
formula in the case of resonant reactions



StandardR-Matrix approachcannotbe appliedto extractthe resonanceparametersĄ Modified R-Matrix is introduced instead

In the case of a resonant THM reaction the cross 
section takes the form

Mi(E)is the amplitudeof the transferreaction(uppervertex)that canbe easilycalculated
Ą Theresonanceparameterscanbe extracted

The A + a(x+s) ­ F*(c + C) + s processis a transfer to the
continuumwhereparticlex is the transferredparticle

Advantages:
Ápossibilityto measuredownto zeroenergy
ÁNoelectronscreening
ÁHOESreducedwidthsare the sameenteringthe OESS(E)factor (New!)

a

A

x

s

F*
C

c

éfor resonant reactions

When transfer to a bound F state, M2 is proportional to the ANC of the populated F state 





12C+ 12C Ąa+ 20Ne 
12C+ 12C Ą p + 23Naastrophysical energy: 1 ς3 MeV

From direct measurement, minimum E: 2.1 MeV

extrapolations differ by 3 orders of magnitude 

without inclusion of resonances

Indirect measurement with THM down to 1 MeV: 
12C(14N,a20Ne)2H and 12C(14N,p23Na)2H.

Resonances dominate the astrophysical energy
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C-burning crucial phase in the nucleosynthesis of massive stars (> 8 M╒), determines Mup, ignition trigger for superburstsand Type Ia supernovae 

Tan (2020)
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Mazarakis (1973)
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High-Cujec (1977)
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Kettner (1980)

Fruet (2020)

Tumino (2018)

12C+12C fusion



12C(12C,a)20Ne and 12C(12C,p)23Na reactions via the Trojan Horse Method applied to the 12C(14N,a20Ne)2H and
12C(14N,p23Na)2H three-bodyprocesses

2H from the 14N as spectators

Observationof 12Cclustertransfer in the 12C(14N,d)24Mg* reaction (R.H.½ǳǊƳỚƘƭŜet al. PRC49(1994) 5)

E14N =30 MeV> Ecoul d,p/a coincidence detection

A. Tumino et al., Nature (2018) 

14N

12C

12C

d

24Mg*
20Ne,23Na

a,p

Direct breakup

OurExperiment with theTHM
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Ö EQF = E14N                                                    -10.27 MeV 



Colorshadings mark typical regions for C-burning 

Compared to CF88, the present rate increases from a factor of 1.18 at 1.2 GK to a factor of more than 25 at 0.5 GK

12C+12C Reaction Rate



Indirect measurement of the 19F(p,h )ɹ16O and direct 
observation of the 11 keV resonance

Situation before THM experiment:

Å The JUNA found a huge increase in the rate of 
the (p,ag) channel due to the occurrence of a 
resonance at 11 keV based on their R-matrix 
analysis

Å The resonance is so large that the effect 
extends up to 0.1 GK, with potential impact on 
several astrophysical scenarios

Å But the lowest energy points measured by the 
deep undregroudwere at 70 keV

Å 70 keV Gamow energy corresponds to 50 MK 
above the typical temperatures for fluorine 
burning in AGB stars (<40 MK)

L. Y. Zhang et al., PHYSICAL REVIEW LETTERS 127, 152702 (2021)



Cwha ¢I9 ¢Ia /wh{{ {9/¢LhbΧ

Å From the fitting of the THM cross section we deduce the 
resonance strengths in arbitrary units.

Å Normalization to the most prominent peaks at 324 keV 
and 828 keV

Χ¢h ¢I9 w9{hb!b/9 {¢w9bD¢I{

Å The  measuredstrength of the 11keV resonance is 5.8 
times smaller than the extrapolated values 

Su X.D., M. La Cognata  et al. PRL accepted

Indirect measurement of the 19F(p,h )ɹ16O and direct observation of the 
11 keV resonance



Indirect measurement of the 19F(p,͈ )͊16O and 19F(p,ɹ ύ20Ne reactions

THE THM S-FACTORS

AND THE CALCULATION OF THE REACTION RATE
Su X.D., M. La Cognata et al. PRL accepted

11 keV 



Charge independence and charge symmetry

After removing the electromagnetic interactions, the NN force between nn, np, pp are almost the same

Charge independence: equality between pp/nn force and np force

Violation: associated to the mass difference between charged and neutral pions

(identical nucleons exchange a neutral pion, a neutron and a proton may exchange both a neutral and a charged pion)

Charge symmetry: equality between pp and nn forces

Charge symmetry breaking: mainly attributed to the up-down quark mass difference

Its validity is supported to some extent by an approximate equality of binding energies of isobar nuclei.

Charge symmetry breaking manifested in the s-wave scattering lengths, aNN that determine the low-energy behavior 
of NN scattering.

anp directly determined from experiments

app not directly accessible from experiments because of Coulomb effects Ą need to remove them theoretically to 
reveal the strong interaction contribution to the scattering length

ann not directly accessible from experiments because of the absence of neutron targets. 

      Χ we propose an innovative way to determine app       Ą



Red line: HOES p-p cross section
Black line: OES p-p cross sectionTHM p-p cross-section from the p+dĄp+p+n quasi free reaction

Coulomb effects appear suppressed

Two -body cross -section from THM data

Calculated HOES p-p cross section:

A. Tumino et al. PRL 98, 252502 (2007)

A. Tumino et al. PRC 78, 64001 (2008)


